strongly constrains the available phase-space for these scattering processes, and that the pair-breaking effects of bulk-impurities is negligible. While we only consider the case of a 2D electron gas with SOC, the following argument can also be applied to a 1D (or quasi-1D) wire in contact with a 3D bulk superconductor.
For a clean interface, the components of momentum parallel to the surface-bulk interface (x and y components) are conserved whereas the perpendicular (z) component is not. An electron initially in the surface-layer with momentum k can tunnel into any bulk states with momentum k = (k , k z ), but pays a large energy cost unless k z is within ∼ γ/v F of the bulk Ferm-surface (FS). Here v F is the bulk Fermi-velocity and γ = πN B |Γ| 2 where N B is the bulk tunneling density of states and Γ is the surface-bulk tunneling amplitude. Once in the bulk the electron can scatter to any momentum k + q within ∼ 1/τ v F of the bulk FS, where τ −1 is the bulk disorder
Diagrammatic depiction of the pair-breaking process due to bulk impurities. The geometrical constraints on scattering due to the different dimensionality of the surface and bulk (see Fig. 2 ) suppress these processes by a factor of γ/εF ≪ 1. Circles with Γ show surface-bulk tunneling (S and B label surface or bulk Green's functions), bulk impurities are denoted by ×, and the dashed line indicates that both × refer to the same impurity.
FIG. 2. Momentum space geometry for surface-bulk tunneling. The 2D surface Fermi-surface (FS) is extended into a cylinder since tunneling does not conserve the momentum perpendicular to the interface (in the z-direction). Surfacebulk tunneling events involve only states near the intersection, I, of the surface and bulk FS's.
scattering rate. However, in order to subsequently return to the surface-layer, the in-plane component of k + q must again be within γ/v F of the surface FS. Therefore, the available phase-space for such scattering is ≈ (2πk F )( 1 τ vF )( γ vF ). In contrast, the phase space available for arbitrary bulk impurity scattering is ≈ 4πk
The pair-breaking scattering rate τ −1 pb is smaller than the bulk impurity scattering rate τ −1 by the ratio of these two phase-space volumes: τ −1
εF ≪ 1 where ε F is the bulk-Fermi energy. In a typical superconducting metal, ε F will greatly exceed γ, hence the pair breaking due to bulk disorder can be safely neglected.
Before concluding, we would like to emphasize the distinction between the scattering rate, τ −1 sb , for surface-
3. Diagrammatic depiction of a non-pair breaking scattering process for surface-electrons due to bulk impurities. Unlike the pair-breaking process shown in Fig. 1 , this process has an unconstrained phase space.
electrons from bulk-impurities and the pair-breaking rate τ −1
pb . The scattering rate, τ −1 sb includes all possible bulkdisorder processes, and is dominated by processes like the one shown in Fig. 3 , where an electron tunnels from surface to bulk, scatters from a bulk impurity and then continues to propagate in the bulk. This type of scattering is not pair breaking since, after scattering, the electron propagates only in the bulk where time-reversal symmetry is intact and pairing is not disrupted. Such processes do not suffer the same phase-space restrictions described above, and consequently τ −1 sb can be quite large even though the pair-breaking rate τ −1 pb is small. Therefore, it is not that the surface-electrons are largely unaffected by bulk impurities, but rather that scattering from these impurities is predominantly non-pair breaking.
